Introduction
Solid surfaces and solid/liquid interfaces are important locations where various chemical reactions occur. On solid surfaces, actually gas/solid interfaces, the absorption of molecules, growth of thin films, oxidation and catalysis chemical reactions, etc., occur. These chemical reactions are important in the development of new materials and semiconductor devices. Consequently, various surface analytical methods, such as XPS, AES, and SIMS, have been developed and applied for use with these materials. 1 These analytical methods are applied under high-vacuum conditions, and therefore cannot be applied to in situ solid/liquid interface analysis. Well-defined solid surfaces have been successfully studied by conventional surface analytical methods. However, the observation of actual surface reactions that occur at ambient air pressure or in solution is also required.
The XRF method 2,3 can be applied under ambient air pressure or low vacuum conditions, even for liquid samples. It is possible to detect XRF signals emitted from solid materials in solutions. However, x-ray fluorescence signals emitted from solutions and solid samples cannot be distinguished if the same element exists in both phases. That is, it is difficult to selectively detect x-ray fluorescence emitted from a solid material in the liquid phase by the conventional XRF method.
Recently, confocal micro-XRF analysis has been developed. [4] [5] [6] This method provides x-ray focusing optics, like a polycapillary x-ray lens. In this configuration, the focusing points of two polycapillary x-ray lenses are adjusted to a common point. 4 Therefore, only a limited volume of the sample is selectively measured by the confocal XRF method. 4 It has been reported that this confocal XRF setup is useful for 3D-XRF by using synchrotron radiation. 5 Usually, synchrotron radiation has been used for 3D-XRF experiments, 5, 6 because it is thought that the primary x-ray intensity obtained in the laboratory is not strong enough for 3D-XRF experiments. However, it is important to develop a 3D-XRF laboratory equipment for fundamental studies and routine work. 7 We have also developed a laboratory 3D-XRF measurement with dual x-ray beam excitation (Mo-Mo or Cr-Mo) using sealed-type x-ray tubes. [8] [9] [10] We confirmed highly effective excitation for light elements by applying a Cr target. 11 The 3D-XRF method has been applied for the analysis of various samples, such as paint chips, 12 layered materials, 13 particles in a BN matrix, 7 and Amaranth seed. 11 However, as far as we know, 3D-XRF has not been applied for the analysis of solid/liquid interfaces. The present paper reports on laboratory 3D-XRF results applied for the analysis of solid/liquid interfaces.
Experimental
Our confocal 3D-XRF setup has been shown elsewhere. [9] [10] [11] We developed 3D-XRF with dual x-ray beam excitation. However, an ordinary 3D-XRF apparatus with a single x-ray tube (Mo target) was applied for this experiment, because the area near the sample holder was limited for placing the plastic case of a sample solution. Figure 1 is a lateral schematic diagram of confocal 3D-XRF analysis for a solid-liquid sample. A Mo target (MCBM 50-0.6B, rtw, Germany; x-ray emission focus size of 50 × 50 mm) was operated at 50 kV, 0.5 mA. The x-ray tube was inclined at 45 degrees from the horizontal plane. A polycapillary x-ray full lens, made at Beijing Normal University, was attached to the x-ray tube. The length, input focal distance, and output focal distance were designed for the Mo Ka x-ray energy to be 50, 34, and 16 mm, respectively. The spot size of the x-ray beam at the focal point was 40 mm, evaluated for the W La line.
A silicon drift x-ray detector (SDD, X-Flash Detector, Type 1201, Bruker, Germany: sensitive area, 10 mm 2 ; energy resolution, <150 eV at 5.9 keV) was installed with a downlooking geometry. A polycapillary x-ray half lens was attached to the end of the SDD. The spot size of the x-ray beam at the focal point was 30 mm, evaluated for the Mo Ka line.
A sample solution and a solid sample were put in a plastic case (60 × 30 mm × 15 mm high), as shown in Fig. 1 . The sample case was placed on an X-Y-Z stage, which was controlled by stepping motors driven by a computer in order to control the height of the solid/liquid interface. An SDD signal was analyzed by a multichannel analyzer (NT-MCA, Laboratory Equipment Co, Japan). An energy-dispersive x-ray detector was applied to detect x-ray fluorescence peaks of multi-elements simultaneously. To confirm the analysis position and thickness of the solution phase above the solid sample, a visible CCD camera was also installed. To prevent the water from evaporating during a measurement, the sample plastic case was covered with a thin polyimide film (thickness, 7.5 mm). The time-resolved XRF measurement method has been described elsewhere. 14 
Results and Discussion

Depth resolution
A confocal 3D-XRF analysis gives information about elemental distributions in depth. The depth resolution has been evaluated by scanning thin metal foils. 11 The thin metallic foils (Ti, 5 mm; Cr, 4 nm; Ni, 10 mm; Cu, 10 mm; Au, 10 mm) were scanned in the direction of the Z-axis in Fig. 1 . The XRF intensities were plotted as a function of the scanned distance. The FWHM (full width at half maximum) values were evaluated from this XRF intensity profile. Figure 2 shows depth resolutions (FWHM values) evaluated for different energies of x-ray fluorescence, such as Ti Ka, Cr Ka, Ni Ka, Cu Ka, and Au La. The correlation coefficient was 0.999. It was found that the depth resolution depends on the energy of the x-ray fluorescence. The depth resolution was 80 mm for Au La and it was more than 80 mm for lower energy x-rays. A similar result was reported concerning synchrotron radiation induced 3D-XRF. 13 Total reflection of x-rays occurs in a polycapillary x-ray lens. Total reflection of x-rays depends on the energy of x-rays. Actually, the critical angle of total reflection for low-energy xrays is larger than that for high-energy x-rays. This means that low-energy x-rays emitted from a sample are corrected by a polycapillary x-ray lens with a large correcting angle, leading to a large sampling volume.
Absorption of x-rays by water
After a Cu plate (thickness, 2 mm) was put in pure water, the thickness of the water layer above the Cu plate was estimated by using a CCD visible camera. While the thickness of the water layer was increased by adding water with a micropipette, the characteristic x-rays of Cu Ka from the sample in water were measured. It was confirmed that the Cu Ka intensity decreased exponentially due to the absorption of x-ray fluorescence. Similarly, the primary x-ray intensity was also reduced in water. Each millimeter in the thickness of the water layer decreased the intensity of the x-ray fluorescence by 20%. Therefore, for the measurements descrived in this paper, the thickness of the water layer was kept at approximately 1 mm or less.
Measurement of Cu in a Co solution
A Cu plate (thickness: 2 mm) was put into a solution of Co(NH4)2(SO4)26H2O (4000 ppm; total amount 8 ml in the sample case). No chemical reactions occurred on the Cu plate in this solution. The height of the sample case was changed by using a z-axis sample stage with a step size of 20 mm. The intensities of the x-ray fluorescence of Co Ka and Cu Ka are plotted as a function of the scanned distance in Fig. 3 . The scanned distance corresponds to the depth from the gas phase to the liquid and solid phases. The confocal point was in the air (gas phase) in a scanned range from 0 to 500 mm. Therefore, there were no characteristic signals of the x-rays of Co and Cu. At a scanned distance of approximately 500 mm, the confocal point reached the gas-liquid interface and the Co Ka from the Co ions in the solution started to be measured. After the Co Ka intensity reached a peak at about 700 mm, it decreased exponentially with the scanned distance. The x-ray spectrum (a) in Fig. 4 was taken when the sample position was fixed near 700 At a scanned distance of about 2300 mm, Cu Ka x-rays began to be detected. The Cu Ka x-rays were, of course, emitted from the Cu plate in the water. This characteristic x-ray intensity showed a peak at about 2500 mm. The x-ray spectrum (b) in Fig. 4 was taken at this peak. There were no peaks of Co K lines, although the primary x-rays irradiated during both the liquid and solid phases. This result indicates that a confocal XRF instrument enables spatially selective measurements of xray fluorescence. The Cu Ka intensity decreased sharply with the scanned distance, due to strong absorption of Cu Ka in the Cu plate. The distance between the two peaks for Co Ka and Cu Ka was about 1800 mm, which corresponds to the thickness of the liquid phase.
Depth profile of Ni Ka for a Ni plate in NiSO4 solution
NiSO4 solutions with different concentrations (0.25, 0.5, and 1%) were prepared from nickel sulfate hexahydrate (NiSO4 6H2O; Wako Co., Japan). A thin Ni plate (thickness, 0.5 mm) was put into the NiSO4 solution (volume, 4 ml). The thickness of the solution layer above the Ni plate was adjusted to be less than 1 mm. The sample case was moved to change the depth for analysis by using the z-axis sample stage. Figures 5(a), (b) , and (c) show the Ni Ka intensities as a function of the depth (scanning distance). Since there are no Ni atoms in the gas phase, no x-ray fluorescence of Ni Ka was detected in the range from 0 to 350 mm (Fig. 5(a) ). At the gas/ liquid interface, actually the liquid surface, the Ni Ka intensity increased. The Ni Ka intensity increased while the depth was increased to 500 mm. After this first peak, the Ni Ka intensity decreased as the analyzing depth increased. This is because the Ni Ka x-rays were absorbed along the path from the deep position of analysis to the gas/liquid interface by the NiSO4 solution, itself. Similar depth profiles were observed for other samples with different NiSO4 concentrations, as shown in Figs. 5(b) and (c), although the scale of the scanned distance was not exactly the same. This is because the depth scanning measurements were started at different positions.
The first peak intensity for the liquid phase depended on the concentration of the NiSO4 solution. The maximum Ni Ka intensities at the first peaks in Figs At a scanned distance of about 1250 mm in the case of Fig.  5(a) , a strong Ni Ka peak appeared. The observation of this second peak suggests that the Ni Ka x-rays at around a scanned distance of 1250 mm originated from the Ni plate in the NiSO4 solution, and that the liquid thickness was about 750 mm. When the confocal point was fixed at this depth, we could selectively measure the liquid/solid interface by XRF. The distance between the first and second peaks depends on the thickness of the liquid phase. Since the volume of the solution was the same (4 ml) for three measurements, this distance was also the same as shown in Figs. 5(a), (b) and (c).
Monitoring the chemical plating process
When an Fe plate was put into a CuSO4 solution, Cu was deposited onto the surface of the Fe plate, while Fe dissolved into the solution. This chemical reaction is a kind of chemical plating. We attempted to monitor it by the confocal micro-XRF method. An Fe plate (thickness, 0.5 mm) was put into a CuSO4 solution (0.2%). Its surface was adjusted to be near the confocal point. Primary x-rays were irradiated to the solid-liquid interface. During the chemical-plating process on the Fe plate, the Fe Ka and Cu Ka intensities were monitored as a function of the reaction time. It was found from preliminary experiments that the XRF intensity profile critically depends on the position of the confocal point being near the solid-liquid interface. Thus, depth profile of the Fe Ka intensity was measured for the Fe plate before the CuSO4 solution was added. This result is shown in Fig. 6 . The Fe Ka intensity had a peak. Time-dependent measurements were performed at the two positions where the confocal position was adjusted, as shown by arrow-a in Fig. 6 , at about 230 mm, and at 50 mm above the peak position in Fig.  6 , as shown by arrow-b in Fig. 6 , at about 180 mm.
The monitored results of the chemical plating process are shown in Fig. 7 . The time at which the CuSO4 solution was put on the Fe plate was zero on the x-axis of this figure. As mentioned above, Figs. 7(a) and (b) were monitored when the position of the confocal point was adjusted on just the two positions shown in Fig. 6 by arrows a and b, respectively. In the case of Fig. 7(a) , the Fe Ka intensity did not change much, while the Cu Ka intensity increased within 10 min after the chemical plating had started. This result suggests that Cu deposition occurred about 10 min after the CuSO4 solution had been added. The thickness of the Cu plating was a few mm. However, the confocal point located at the peak position in Fig.  6 , where the analyzing position would be, was slightly inside the Fe plate from the actual Fe plate surface. Therefore, the Fe intensity was not strongly influenced by the Cu deposition, and showed an almost constant intensity.
In the case of Fig. 7(b) , the confocal position was adjusted at 50 mm in the liquid phase from the peak position, as shown in Fig. 6 . As shown in Fig. 2 , the analyzing volume (depth resolution) in our 3D-XRF setup was more than 80 mm. Therefore, even if the XRF was measured at this position, the information of the solid surface in the solution would be included. Compared to the result given in Fig. 7(a) , it is expected that the sensitivity of the solid surface in the solution would be improved under this condition. The Fe Ka intensity in Fig. 7(b) decreased drastically during the initial 10 min. This would be because the Fe atoms near the surface of the Fe plate dissolved into solution, and also because the Fe Ka x-rays produced on the Fe plate were absorbed by the deposited Cu layer.
After 90 min of the chemical plating reaction, depth profiling for Fe Ka and Cu Ka was performed in the solution. As shown in Fig. 8 , the Fe Ka intensity profile showed two peaks at about 400 and 1700 mm. The first peak originated from the Fe ions in the solution, and the second peak originated from the Fe plate because the Fe atoms dissolved into for solution. The Cu Ka intensity profile showed a single peak at about 1700 mm. There were no Cu signals until the scanned distance was 1500 mm. This means that all of the Cu ions in the initial CuSO4 solution had been deposited on the Fe plate. Figure 9 shows normalized intensity profiles of Cu Ka and Fe Ka after chemical plating. These profiles were measured in air, while the intensity profiles measured in solution are shown in Fig. 8 . The inset figure in Fig. 9 shows details of the intensity profiles. It is clear that the Cu intensity had a peak near to the surface, while Fe had a peak inside the bulk of the Fe plate. For a stainless-steel sample including Fe and Cr, the XRF profiles of Fe and Cr gave peaks at exactly the same depth. Therefore, the result shown in the inset of Fig. 9 indicates that Cu existed on the surface of the Fe plate. It is also shown in Fig. 9 that the FWHM value of the Fe intensity profile is larger that that of the Cu profile. As shown in Fig. 2 , the depth resolution of Fe Ka (6.4 keV) is larger that that of Cu Ka (8.0 keV). The depth resolutions of Fe Ka and Cu Ka were evaluated from Fig. 2 to be 140 and 110 mm, respectively. This is the reason why the Fe Ka intensity increased at a small scanned distance. It was possible to perform the same analysis of Fig. 9 in the solution, actually as shown in Fig. 8 , although the XRF intensity from the solid was reduced by absorption in the solution.
Conclusion
A new 3D micro-XRF instrument based on a confocal setup using two independent polycapillary x-ray lenses and two x-ray sources (Cr and Mo targets) was developed. We applied this method for liquid-solid interface analysis. It was possible to selectively observe a near liquid-solid interface. A substitution chemical plating process between Cu and Fe was monitored by a time-resolved 3D-XRF technique. The increase of Cu on the Fe plate could be monitored. One drawback of this method might be in a large analyzing volume (depth resolution) of more than 80 mm. For a further detailed analysis, an improvement of the depth resolution is required. However, the experimental results given in this paper show the feasibility of in situ observations of liquid-solid interface reactions by 3D-XRF analysis. It has been reported that x-ray spectrum of solid surface in the solution was obtained from the differential of two x-ray spectra measured at different depths. 15 This technique will also be successfully applied to 3D-XRF analysis of solid-liquid interface. 
